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 The ability to control light fields on a spatial scale far smaller than the wavelength of light has 
witnessed growing interest in recent years. This field has been driven by the advances in electronics 
and nanoscience that allow the precise sculpting of materials with precision down to nanometer 
level. In this thesis, light-matter interaction, i.e., controlling optical response using resonant 
nanoscale scatterers is shown. Light-matter interaction in Mie resonance based on all-dielectric 
nanoresonators is investigated. A large-scale, cost-efficient spin-coating technique is employed to 
form monolayer nanospheres which act as an etch mask to form the dielectric nanoresonators. In 
the first part of thesis, coupling of light in these resonators producing low-reflectivity at optical 
frequencies which coincides with the numerical design simulations is demonstrated. These results 
shows promise in the production of large-area, cost-effective, low-reflection coatings useful for 
nanophotonics applications. In the second part of the thesis, a metamaterial-reflector is numerically 
designed using these all-dielectric nanoresonators on top of silicon-on-insulator substrate, 
producing high-reflectivity in the visible frequency. The fabricated metamaterial reflector results 
are applicable to electric and magnetic mirrors for optical and infrared wavelengths, nanoantennas, 
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CHAPTER 1: INTRODUCTION 
 
1.1 Light-Matter Interaction in All-Dielectric Nanoresonators 
 
Long ago, Lord Rayleigh predicted that the sky is blue due to the scattering of light by 
nanoparticles [1] and the tiny gold particles on the Lycurgus cup which made it appear greenish 
color in daylight and illuminated from inside glows ruby color [2], [3] due to scattering of 
illuminated light with the subwavelength nanoparticles producing resonances based on their shape 
and size. Later, Gustav Mie explained the variation in color of colloidal solutions of gold 
nanoparticles in terms of their size distribution, thereby opening up the possibility of using 
resonant nanoscale scatterers to control optical response [4]. Over recent years, the ability to 
control light fields on a spatial scale far smaller than the wavelength of light has experienced 
growing interest. This field has been driven by advances in electronics and nanoscience that allow 
the precise sculpting of materials with precision down to the nanometer level. Recent advances in 
the ability to control light fields and light propagation in nanoscale structures have already yielded 
profound results, with impacts on diverse fields of science and technology. Representative 
examples include the super lens [5], [6], cloaking [7]-[9], perfect absorbers [10] and reflectors 
[11]. The field of metamaterials (from the Greek word meta - beyond and material - matter) is a 
critical research area of optics and photonics and this field continues to address very fundamental 
issues in the control and propagation of light fields on the nanoscale and will enable scientific 
advances in diverse research areas. The technological impact is anticipated in information 
technology, high-resolution imaging, chemical sensing and biology and medicine.  
Most of the examples require strong light-matter interaction at the nanoscale where light 
couples to the collective oscillation of free electrons (plasmons mainly metals such as Ag and Au) 
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or phonons in polar materials. However, the cost of such an approach is the inevitable increase of 
light absorption in matter and the subsequent conversion of light into heat – an irreversible process 
that has impeded many practical device applications [12]. Recently suggested was a different 
approach of controlling light which was composed of all-dielectric transparent building blocks in 
which light does not couple to plasmons or optical phonons, and this has been shown to achieve 
all four quadrants of electromagnetic response. This approach overcomes the critical issue of heat 
dissipation and could bridge the gap between fundamental nanoscience and devices [13]. The 
coupling of light in dielectric cylinders was long studied by Rayleigh indicating the incident 
electromagnetic field confines to the cylinder itself [14]. In particular, if we consider the high-
index dielectric materials, they produce electric and magnetic resonances thus facilitating the light 
manipulation below the free-space diffraction limit. These nanoresonators offer very low optical 
losses and produce distinct electric and magnetic resonances, thus opening a wealth of applications 
in different areas of optoelectronics and nanophotonics [15].  
Different materials have been investigated for high-index materials, including Si, TiO2, Ge, 
GaAs and other semiconductor materials [16]- [18]. Among them, Si is the most versatile material 
that has been used in the semiconductor industry for the last few decades and is a CMOS-
compatible element. The real and imaginary parts of permittivity of crystalline Si in [19] show that 
at photon energies below its fundamental electronic band gap 1.1µm wavelength, crystalline 
silicon exhibits a high dielectric constant and negligible absorption losses. The state-of-the-art Si 
nanoresonators are of different dimensions [20], and can be shaped as nanospheres [21, 22], 
crosses [23], cubes [24], and nanocylinders [25] by using a variety of fabrication techniques such 
as e-beam lithography [16], femtosecond laser ablation [20, 22], and reactive ion etching [24]. 
Frequency regimes from visible [26] to IR [27] have been reported so far in the literature. These 
3 
 
fabricated Si-based resonators have found applications primarily in photovoltaics [16, 17] and 
photodetectors [28], serving as perfect metamaterial reflectors [27], magnetic mirrors [29, 30], and 
Huygens surfaces [31], [32] among other functions.  
Here, we report Si-based all-dielectric nanoresonators for photovoltaics application and for 
metamaterial reflector application. These nanoresonators are fabricated using silica nanospheres 
which are made using a modified Stober process in-house. These nanospheres can be scaled down 
from 200 nm to 20 nm and below and are uniform, monodisperse, precision-sized nanostructures. 
1.2 Precision Silica Nanospheres 
 
Silica nanospheres presented in this work are synthesized using a modified Stober process. The 
synthesis of these is adapted from [33] and [34]. The silica nanospheres were prepared using the 
microemulsion method. The microemulsion solution was prepared by mixing adequate amounts 
of surfactant, organic solvent, and an aqueous solution of dye, water, and aqueous ammonia. 
Aqueous ammonia acts as both a reactant and catalyst for the hydrolysis of tetra ethyl ortho silicate 
(TEOS). The volume of each microemulsion component varied with the type of surfactant used. 
In a typical microemulsion for preparation of silica nanoparticles using a ternary microemulsion 
system, 0.1 M surfactant was dissolved in 10 mL of heptane, followed by the addition of 90 µL of 
aqueous solution of 0.1 M Ru (by) dye, 100 µL of TEOS, and 60 µL of 29.6 wt% NH4OH.  
The reaction was allowed to stir for 24 h followed by the addition of ethanol to break the 
microemulsion and recover the nanospheres. The nanospheres were washed a couple of times with 
ethanol and a final washing with water. For silica nanospheres, preparation in quaternary 
microemulsion using TritonX-100 as surfactant, the procedure consisted of mixing 1.77 g of Triton 
X-100, 1.6 mL of hexanol, 7.5 mL of cyclohexane, followed by addition of 400 µL of water, 80 
µL of 0.1 M Ru (by) dye, 100 µL of TEOS, and 60 µL of NH4OH. The reaction was allowed to 
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stir for 24 h followed by addition of ethanol to break the microemulsion and recover the 
nanospheres.  The nanospheres were washed two times with ethanol and one time with water. 
Characterization of the fabricated silica nanospheres is performed using microscopy and 
dynamic light scattering (DLS) techniques as explained in [34]. The TEM and scanning electron 
microscopy (SEM) images of silica nanoparticles as reported from [34] with diameters of 21.06 ± 
3.38 (20), 40.26 ± 3.14 (40), 59.72 ± 4.58 (60), 81.05 ± 4.99 (80), 100.33 ± 4.78 (100), 149.87 ± 
5.7 (150), and 199.89 ± 6.57 (200) nm, indicate that the particles are spherical and well-defined in 
size. The 20, 60, 100, and 200 nm silica nanospheres were subjected to dynamic light scattering 
(DLS) to measure hydrodynamic sizes, which were 37.82 ± 6.17, 70.12 ± 17.5, 105.5 ± 38.58 and 
203.3 ± 50.75 nm in DI water, respectively. The sizes measured by the two different methods 
indicate that the smaller SNPs, 20 and 60 nm, aggregate significantly in DI water. Corresponding 
zeta potentials were measured to be -24.5 ± 3.74, -38.1 ± 9.85, -31.7 ± 8.73 and -36.3 ± 8.08, 
respectively, indicating good overall particle stability. Surface areas of the 20, 60, 100 and 200 nm 
silica nanospheres were calculated to be 88.905, 49.724, 29.289, and 13.762 m2/g, respectively, by 










CHAPTER 2: LIGHT-MATTER INTERACTION IN ALL-DIELECTRIC 
RESONATORS FABRICATED USING PRECISION SILICA NANOSPHERES 
  
In this chapter, we report low reflectance of nearly 10% from all-dielectric nanoresonators 
at optical and near-IR frequencies. Dielectric materials provide an advantage over metals by 
overcoming the losses due to conduction electrons and inter-band absorption. Normalized 
scattering efficiency simulations of high-index materials such as Si/TiO2 indicate the presence of 
Mie resonances, and the electric field profile shows the presence of electric and magnetic dipoles 
at these resonances. In the presence of a high-index substrate, the incident electromagnetic light 
coupled in these dipoles preferentially forward scatters, producing low reflectivity at desired 
wavelengths. Silicon nanoresonators were fabricated using precision silica nanospheres which 
were produced using the modified Stober process. These spheres are uniform, spherical, 
monodisperse, and their dimensions can be precisely controlled from 200 nm to 20 nm and below. 
A large-scale, cost-efficient spin-coating technique is employed on silica nanospheres followed by 
reactive ion etching and metal-assisted chemical etching to form Si nanoresonators with specified 
designed dimensions. Characterization of these resonators shows low reflectivity in the visible 
range, and angle resolved studies demonstrate that p-polarized light varies less with angle of 
incidence than does s-polarized light. The results are promising for the production of ultra-thin, 
low-reflection coatings useful for solar cells, photodetectors, nanophotonics and metamaterial 
applications. 
2.1 Introduction  
 
The controlling light-matter interaction in subwavelength nanostructures produces many novel 
effects with applications in diverse fields such as information technology, nanophotonics, biology 
and medicine. Incident electromagnetic waves couple to the material, which is typically a metallic 
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nanoscale structure, yielding novel effects such as negative refraction [35], cloaking [5, 36],  
perfect lens [5, 6], subwavelength waveguides [37], and optical nanoantennas [38, 39]. However, 
the metal’s dielectric function can be described by ε = ε’ + i ε”, where ε’, the real part of 
permittivity represents the polarizability of the material and ε’’, the imaginary part of permittivity 
represents the losses or absorption occurring in the material. The losses in the metal primarily arise 
from conduction and bound electrons (interband transitions) [40, 41]. At optical and near-IR 
frequencies, these subwavelength metallic nanostructures have considerable losses, absorbing the 
incoming light and subsequently converting it into heat and thus impeding device performance. 
Also, at nanoscale, fabrication of these metallic counterparts becomes increasingly complex, and 
expensive methods, such as e-beam lithography, need to be limited to small-area fabrication. To 
overcome these drawbacks, recently a new route of all-dielectric nanostructures has been proposed 
[42]. The concept was initially introduced with a high-index dielectric scatterer forming an 
attractive potential for photons and exhibiting Mie resonances by coupling the incident 
electromagnetic wave to the electric and magnetic dipoles, and the idea was further experimentally 
demonstrated [43, 44]. Dielectric nanoresonators have found many applications including but not 
limited to metamaterials [12, 43-45], photovoltaics [46, 47] and nanophotonics [19]. 
Among other materials, Si and TiO2 are two high-index materials that are simulated in this 
work, while Si resonators are fabricated and characterized. Si is used frequently because of its low 
imaginary part in the optical and near-IR region and its well-optimized and cost-efficient 
fabrication techniques [19-21], while TiO2 has a high index for visible frequencies [18]. Both 
materials are good candidates for study of light-matter interaction in all-dielectric resonators, 
though TiO2 is limited to simulation studies in this chapter. The state-of-the-art Si nanoresonators 
are of different dimensions [20], and shapes that are fabricated using different techniques as 
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discussed in Section 1.1. These fabricated Si-based resonators have found applications primarily 
in photovoltaics, and photodetectors, serving as perfect metamaterial reflectors, magnetic mirrors, 
and Huygens surfaces among other functions [20-32].  
Here we propose to investigate Si-based high-dielectric-constant nanoresonators fabricated 
using silica nanospheres. Our capability to produce uniform, monodisperse, precision silica 
nanospheres ranging from 200 nm to 20 nm and below provides the tunability to fabricate any 
dimension for the Si-nanoresonators. Unlike other methods described above, ours is a large-area, 
low-cost way to form uniform arrays of these resonators. Spin-coating is employed to form a 
uniform monolayer hexagonally close-packed lattice of silica nanospheres which are resized to 
designed dimensions of 120 nm diameter and 150 nm height using reactive ion etching and metal-
assisted chemical etching. The silica nanospheres produced using the modified Stober process act 
as an etch mask to form these nanoresonators. The fabricated Si-nanocylinder demonstrates low 
reflectivity of nearly 10% in broadband wavelength range of UV-Vis-near-IR for both s- and p-
polarization. Though there exists literature demonstrating silicon nanoresonators as low-reflective 
film or absorber, here we report the fabrication of these resonators using precision silica 
nanospheres, cost-efficient spin-coating method combined with the MacEtch, for the dimensions 
of 120 nm diameter and potentially much smaller. We demonstrate that light effectively couples 
in these resonators for broadband frequencies from 300 nm to 1700 nm, and the numerical design 
simulations are in agreement with the reflection data from the fabricated samples. The ability to 
control light to produce low reflection at desired tunable wavelengths is shown here.  
Though previously Si resonators of nanoscale structures were produced using the MacEtch 
technique, here we explore the coupling mechanism using the principle of Mie electric and 
magnetic resonances by performing normalized scattering efficiency simulations. Further, we look 
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into the coupling of incident light in these resonators with an underlying low index (silicon-on-
oxide) and high-index substrate (Si) using numerical simulations. The low reflectivity obtained is 
attributed to the preferential forward scattering of light from these resonators due to the high 
optical mode density of the Si substrate.  This preferential forward scattering is similar in principle 
to the whispering gallery modes in dielectric resonators: when the resonators are in close proximity 
to the high-index substrate, incident light is coupled to the substrate, leading to low reflectivity or 
higher absorption. The desired wavelength can be tuned based on the dimensions of the resonators. 
By varying the angle of incidence of the incoming light, we demonstrate that p-polarized light 
varies less with angle of incidence than does s-polarized light. Also, these results can be applied 
directly for the fabrication of Si-nanoresonators for applications such as photovoltaics, 
photodetectors, nanoantennas, metamaterials, perfect reflectors and magnetic mirrors. The 
proposed approach is an inexpensive fabrication technique that can be scaled to larger dimensions 
and it is a quick and efficient process of producing ultra-thin, low reflection films similar to black 
silicon with the use of precision silica nanospheres. 
2.2 Mie Theory for Dielectric Nanoresonators  
      The dielectric nanoresonators with high refractive index exhibit strong electric and magnetic 
dipole resonances according to Mie theory [48]. When a spherical particle is illuminated with an 
electromagnetic field as shown in Figure 1(i), the scattered field can be written as an infinite series 
of vector spherical harmonics, which are the electromagnetic normal modes of the spherical 
particle. They are obtained by solving the differential equation and applying boundary conditions 
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where r, θ, ϕ are the spherical polar coordinates as shown in Figure 1(i) and ψ is a function that 
satisfies the wave equation. When an electromagnetic field interacts with the spheres, some of the 
field will be absorbed and some will be scattered.  
  
Figure 1 (i) A sphere with radius “r” illuminated by incident electromagnetic wave represented in spherical coordinate 
system. (ii) (a) Normalized scattering cross-section plotted for different radii (20 nm, 30 nm, 50 nm, 70 nm and 110 
nm) of the Si nanocylinder. (b) Representative simulation image of the isolated nanocylinder with incident 
electromagnetic wave having its wavevector 𝑘9⃗  perpendicular to the cylinder vertical axis, electric field 𝐸9⃗  parallel to 
the diameter axis, and a unit cell region to compute total scattered power. (c) Electric resonance at 516 nm. (d) 
Magnetic resonance at 704 nm. 
 
 The scattered field is a superposition of normal modes, each weighted by the appropriate 
coefficient an or bn. For each n, there are two distinct modes: the transverse magnetic mode, for 
which there is no radial magnetic field component, and the transverse electric mode, for which 
there is no radial electric field component. By introducing Riccati-Bessel functions, the scattering 














where x = k0r0, k0 is the free-space wavenumber, ψm(x) and ξm(x) are the Riccati-Bessel functions, 
and n is the order of the Mie modes. The primes indicate derivatives with respect to the arguments. 
If for a particular n, the frequency or radius is such that one of the denominators of am or bm is very 
small, the corresponding normal mode will dominate the scattered field. The frequencies when the 
denominator goes to zero are called the natural frequencies of the sphere material. Thus, the 
incident electromagnetic field can excite these natural frequency modes or resonant modes 
scattered by the sphere. At these resonances, the dielectric sphere acts as an attractive potential for 
photons. For the lowest resonance frequencies of 𝑎" and 𝑏", the sphere exhibits electric and 
magnetic dipoles [42, 44].  At these resonant frequencies azimuthally directed displacement 
current is enhanced and results in an enhanced magnetic field. Dielectric resonators can take the 
shape of spheres, cylinders or cubes. With slight modification of Equation (1) and Equation (2) for 
spheres, the electric and magnetic resonances can be provided for cylinders [49, 50].                
 Silicon is the material of choice due to its high dielectric constant and low absorption losses in 
visible and near-IR wavelengths [19-21] where the material exhibits electric and magnetic Mie 
resonances. To observe the electric and magnetic resonances in Si, numerical design simulations 
are performed for varying dimensions of the nanoresonators as discussed in Section 2.3. Here we 
look into fabrication of these Si nanoresonators on top of the Si substrate which is a high-index 
substrate. At these resonances, there is a strong confinement of photons in the resonator which get 
preferentially forward scattered and coupled into the high-index Si substrate due to its high optical 
density of states. This behavior is similar to the optical microcavities where most of the confined 
photons are scattered into the cavity modes [46, 51, 52]. A similar effect is observed in whispering 
gallery modes [53].  
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2.3 Numerical Design Simulations  
 Finite-difference time-domain numerical modeling is performed using the software package 
Lumerical FDTD [54].  As discussed in Section 2.2, when an electromagnetic wave interacts with 
a sphere, some of the incident wave is scattered and some absorbed. The amount of scattering or 
absorption of the electromagnetic radiation is described through its cross-section σ. The cross 
section represents the net rate at which the electromagnetic energy crosses the surface of the 
sphere. The different cross-sections are scattering cross-section σs, extinction cross-section σext, 








∑ (2𝑛 + 1)𝑅𝑒(O.P" 𝑎. + 𝑏.)	                                                            (5) 
𝜎HU, = 𝜎R@I − 𝜎,GHI	                                                                         (6) 
where 𝑘 = 2𝜋 𝜆⁄ . For the numerical simulations, the scattering cross-section is defined as  
                                                       𝜎,GHI =
Z[\]^
_`a\
                                                                                  (7) 
where Pscat is the total scattered power and Iinc is the incident intensity. The total scattered power 
can be calculated by summing the power flowing outward through the four power monitors located 





	                                                                                  (8) 
where Pabs is the total power absorbed by the particle, which is equal to the net power flowing 
inward through the four monitors located in the total field region of the simulation area [55].  
 A plane wave source with the wavelength range 100-750 nm is incident on the nanoresonators 
with propagation in the radial direction and electrical field vector perpendicular to the long cylinder 
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axis as shown in the inset of Figure 1(ii)b. The boundary conditions for the simulation region are 
all set to perfectly matched layer in all three directions and the mesh size is selected to be 3-5 nm 
depending on the diameter of the nanoresonator. To observe the resonance wavelengths, the Mie 
efficiency (i.e., the normalized scattering cross-section) of the Si nanocylinder is plotted for radii 
from 20 nm to 110 nm and height of 800 nm in the visible and near-IR region as shown in Figure 
1(ii)a. The refractive index of Si is obtained from [55]. If we look at one of the curves, say 70 nm 
(blue color), we observe two distinct resonances at wavelengths of 516 nm and 704 nm 
representing electric/magnetic dipoles which form the attractive potential for the incident photons. 
The inset in Figure 1(ii)c shows the cross-sectional electrical field intensity distributions and at 
516 nm; there is a maximum at the center of the resonator indicating electric resonance and at 704 
nm, and minimum electric field intensity representing magnetic resonance as shown in Figure 
1(ii)d. The scattering efficiency results agree with the recent reported results, and the accuracy of 
the model is verified [50]. For high-index TiO2 material, Mie resonance positions are computed 
and shown in Section 2.3.1.  
 In order to design the optimal dimensions of the resonator, we employ the fundamental design 
principles used for the monolayer array of Si nanoresonators derived from references [49, 56-62]. 
We utilize similar design parameters as they exhibit Mie resonances at desired wavelengths 
producing light coupling in the Si nanostructures. To accurately compare the simulated results with 
the fabricated sample, a Si nanocylinder array hexagonally close-packed on top of the Si substrate 
is used. For the cylinder, in contrast to the sphere, the spectral resonance position can be tuned 
based on the aspect ratio. Also, using the various aspect ratios, the relative positions of the electric 
and magnetic resonances can be tuned for the cylinder. We chose an aspect ratio (H/D) of 1.25 and 
normalize the diameter with respect to the periodicity (P) of the array. These normalized values 
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are fixed, obtained from the fundamental design, and as the diameter is increased, corresponding 
values of H and P are obtained. The model was validated using fabricated results from [27] and 
we find good agreement with our results as discussed below. 
 For the design of the array of Si nanoresonators, we use FDTD simulations to compute the 
reflection and transmittance spectra. To obtain a simulation design matching the fabricated device, 
we optimize the parameters diameter (D), height (H) and period (P) of the array of Si 
nanoresonators that are on top of the Si substrate with thickness of 4 µm. An incident plane wave 
with broadband wavelength range of 300 nm to 1900 nm, normal to the surface of the substrate, is 
selected as the source, and two corresponding frequency domain power monitors—a reflection and 
a transmission monitor—are placed above and below the array of resonators. The mesh grid is 
chosen to be 5 nm to 10 nm depending on the dimensions of the resonators. The FDTD simulation 
area is selected as the unit cell for the hexagonal close-packed resonators with boundary conditions 
set to periodic in the radial direction and perfectly matched layers set along the cylinder’s long 
axis.  
 By varying the diameter of the cylinder from 100 nm to 280 nm, reflection intensity is plotted 
as shown in Figure 2(i). By increasing the diameter of the resonator, we observe that the dip in 
reflection which corresponds to the overlapped electric and magnetic Mie resonance position, red 
shifts to the right and a similar trend is observed with the normalized scattering efficiency. Because 
of the precision silica nanospheres, we can obtain Mie resonances at the beginning of the visible 
wavelength, i.e., 380 nm, and can potentially go much lower. Precision nanospheres uniquely 
provide the tunability to obtain much smaller diameter for Si nanoresonators. From Figure 2(i), we 
observe that the simulated results indicate low reflectivity within 30% for visible and near-IR 
frequencies, thus coupling most of the incident light into the nanoresonator assembly. The 
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simulated reflectance spectrum for wavelength range of 300-1800 nm is plotted for hexagonal 
close-pack Si nanoresonators on top of Si substrate for various periods from 100 nm to 380 nm  as 
shown in below description.  
 
Figure 2(i) Simulated reflection spectra obtained for hexagonal array of Si nanoresonators lying on top of Si substrate 
whose diameter, height and periodicity are varied as shown for different colors in the graph. For example, black 
colored line has D, diameter = 100 nm, H, height = 126 nm and P, periodicity = 257 nm. A sharp dip is observed 
indicative of Mie resonance and reduced reflectivity across the visible to near IR wavelength region. The most 
interesting simulated data is illustrated here. (ii) Effect of substrate is shown by comparing the array of Si 
nanoresonators (orange) with SiO2 layer present on Si substrate (red) without the presence of SiO2 layer indicating 
that the electromagnetic mode couples effectively in the nanoresonator and does not leak into the low refractive index 
layer. In case of Si substrate, the Mie resonances form a reflection minimum, thus forming a loss channel into the 
substrate. Inset shows the electric field distribution profile across cross-sectional plane of the cylinder indicating (a) 
electric resonance at λ = 512 nm and (b) magnetic resonance at λ = 565 nm.  
 
 Another interesting aspect of our simulation is our study of the substrate’s effect on the 
reflectivity of the Si nanoresonator array. Figure 2(ii) shows the computed reflection intensity for 
an array of Si nanocylinders with dimensions D = 120 nm, H = 151 nm and P = 308 nm that we 
chose as the final design dimensions from the numerical simulations for the fabrication of 
nanoresonators. We introduce a 2 µm SiO2 layer below the nanoresonators and, with the SiO2 layer 
having a lower refractive index than the dielectric nanoresonators, we observe two peaks in 





distribution profile indicating (a) electric resonance and (b) magnetic resonance. However, without 
the SiO2 layer, the opposite phenomenon is observed where the minimum in the reflection intensity 
is observed at the Mie resonance position and the two peaks overlap. The underlying physical 
mechanism behind this can be understood as follows: With the presence of the SiO2 layer, the 
incident light couples only into the high-index resonators, while without it, the light finds a 
propagation channel and leaks into the high-index substrate. The high-index resonators act as a 
cavity to capture the incident light at these resonant wavelengths, and in the presence of high-index 
substrate, the confined light in the cavity forward-scatters into the substrate because of modal 
coupling similar to whispering gallery modes [53]. The high-index substrate offers high optical 
mode density due to the enhancement of the optical density of states in the forward scattering 
process [46, 51, 52]. Thus, the presence of low-index substrate leads to high reflectivity with the 
splitting of electric and magnetic Mie resonances, and the introduction of high-index substrate 
leads to low reflectivity. Thus, the ability to control high and low reflectivity from the array of 
high-index nanoresonators finds interesting applications for solar cells, photodetectors, 
metamaterials, perfect mirrors, and magnetic mirrors useful for lasers with low optical loss. 
2.3.1 Numerical Design Simulations of TiO2 
 Finite-difference time-domain numerical modeling is performed using the software package 
Lumerical FDTD as described in Section 2.3.  To illustrate the versatility of our work which can 
be applied to any high-index material and for any nanospherical and nanocylindrical geometry, 
TiO2 material is selected and it exhibits Mie resonances as shown from the normalized scattering 
efficiency plot in Figure 3(i) for spherical geometry. The refractive index of TiO2 is obtained from 
[35]. The diameter of the sphere is varied from 15 nm to 100 nm and corresponding Mie efficiency 




Figure 3(i) Normalized scattering cross-section plotted for different radii (15 nm, 25 nm, 35 nm, 45 nm, 55 nm, 65 
nm, 75 nm and 100 nm) of the TiO2 nanosphere. Inset shows electric field intensity profiles in X-Y plane (ia) Electric 
resonance at wavelength of 366 nm (ib) Magnetic field intensity profile at wavelength of 406 nm. (ii) Simulated 
reflectance spectrum of hcp nanoresonators on top of Si substrate obtained by varying the period (P) of the 
nanoresonator from 100 nm to 300 nm. 
 
For the curve with the diameter of 65 nm, inset in Figure 3(ia) shows electric field profile at 
wavelength of 366 nm representing the electric dipole resonance and in Figure 3(ib) shows the 
magnetic dipole resonance at wavelength of 406 nm. The simulated reflectance spectrum for 
wavelength range of 300-1800 nm is plotted for hexagonal close-pack Si nanoresonators on top of 
Si substrate for various periods from 100 nm to 380 nm  as shown in Figure 3(ii) and varying 
height from 100 nm to 300 nm as shown in Figure 4. 
2.4 Fabrication and Experimental Setup  
 After selecting the final design dimensions from the numerical simulations, the Si 
nanoresonators are fabricated using very simple, cost-efficient, scalable precision silica 
nanospheres using optimized top-down fabrication techniques such as reactive ion etching (RIE) 




using the modified Stober method [33]. The unique capability to produce uniform, precision size, 
monodisperse silica nanospheres as small as 20 nm, from our previous work [34], provides an 
approach to tune the nanoresonators to much smaller dimensions. Different diameter nanospheres 
can be produced with ultra-high precision ranging from 20 nm to 200 nm and stored in ethanol 
solution; the spheres can be made with diameters smaller than 20 nm.  
 
Figure 4 Simulated reflectance spectrum of hcp nanoresonators on top of Si substrate obtained by varying the height 
(H) of the nanoresonator from 100 nm to 300 nm as shown in different colors in the graph. 
 
 
 The procedure to obtain Si nanoresonators using silica nanospheres consists of four steps: (a) 
substrate cleaning, (b) silica nanospheres dispersion, (c) uniform monolayer formation and (d) 
silicon nanoresonators fabrication. For substrate cleaning, 5 mm x 5 mm square samples are cut 
from a 4’’ round single-side polished, single-crystal silicon wafer that is n-type and oriented in 
100 direction. The samples are degreased by treating with acetone, isopropyl alcohol and deionized 
water and drying with N2. Later they are treated with piranha solution, consisting of 3:1 ratio of 
H2SO4 (96%) and H2O2 (30%), for 30 mins.  They are rinsed by stirring in DI water for 10 mins 
followed by drying in N2 to make the surface hydrophilic [65-68]. For preparing silica nanospheres 
dispersion, 300 nm sized silica nanospheres were produced in ethanol using the above described 
method. These nanospheres are washed in ethanol twice to remove any impurities using 
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centrifugation for 30 mins and dried using a freeze drying technique. An appropriate amount of N, 
N-Dimethyl-formamide (DMF) is added to obtain a concentration of 100 mg/mL solution. The 
solution is ultra-sonicated for 24 h by frequent cooling with ice cubes to avoid formation of 
agglomerates in the solution. Different drying approaches with multiple concentrations of DMF 
and varying sonication times were performed to optimize the dispersion of the nanospheres in the 
solution, which plays a key role for formation of a uniform monolayer. Different methods have 
been used for the deposition of silica monolayer such as Langmuir-Blodgett [69], dip-coating [70], 
spin-coating [71] and liquid surface self-assembly [72].  Spin-coating is the simple, inexpensive, 
fast technique for monolayer formation for large areas. Different spin speeds, ramp rates, and spin 
times, as well as amounts to dispense, were studied and the best optimized conditions were 
determined.  
 
Figure 5(A) Scanning electron microscope image of monolayer deposition of self-assembled precision silica 
nanospheres on piranha treated Si substrate with diameter of 300 nm that are hexagonally close-packed. (i) Large-
scale image with scale bar = 100 µm (ii-iv) magnified image with scale bar = 10 µm, 2 µm and 500 nm respectively. 
(B) Monolayer deposited silica nanospheres are resized using reactive ion etching for (a) 6 mins reducing the diameter 
to approximately 250 nm and its representative scanning electron microscope image with scale bar = 1 µm. (b-f) 
Additional RIE for 6 mins with 3 mins cooldown in between etching reduced the diameter to approximately 120 nm 
and its scale bar = 1 µm for (b-d) and 500 nm for (d-f) respectively. 
 
 Clear dispersed solution (5 µL) was actively dispensed onto the square sample at 2000 rpm with 
ramp rate of 80 rps for 120 s in a cleanroom environment. Figure 5 is the SEM image of the 
(a) (b) (c) 






monolayer deposited on Si surface for different magnification indicating hexagonal close-packed 
lattices of silica nanospheres. Figure 5A(i) indicates the large grains forming a polycrystalline 
structure with a scale of 100 µm. Figure 5A(ii)-(iv) represents the zoomed-in images with a scale 
bar of 10 µm, 2 µm and 500 nm, respectively, showing the close-packed structure of 300 nm 
diameter silica nanospheres with 300 nm periodicity which was used in numerical simulations. To 
obtain good signal strength from the final fabricated Si nanoresonators, we ensured that the 
uniform monolayer coverage was obtained on a large-scale on the Si and quartz substrate.  For the 
final step to form Si nanoresonators, there are many different approaches in the literature [25]; 
here we utilize RIE to resize the nanospheres to designed dimensions and adapt metal-assisted 
chemical etching [73].   
 The monolayer deposited square samples are transferred into the PlasmaLab Freon RIE system 
and nanospheres are resized to smaller diameters in steps as shown in Figure 5B(a)-(f). The dry 
etching conditions are 90 W RF plasma power at 40/60 sccm gas flow rate (Ar/CHF3) for 23 mins 
with 6 mins etching followed by 3 mins cooldown in order to keep the etch rate uniform. Figure 
5B(a) shows the resized nanospheres after 6 min and the diameter reduces to 250 nm with an error 
bar of 15 nm, and Figure 4B(f) represents final expected diameter of silica nanospheres as 120 nm 
with a similar error bar. Post RIE etching, the samples are cleaned with O2 plasma for 2 mins, at 
100 W at 45 sccm gas flow rate and 150 mTorr chamber pressure, to remove surface organics. 
This pattern serves as the etch mask for formation of nanocylinders. Later, a 3 nm Ni adhesion 
layer is deposited using the Cooke E-beam evaporator followed by 10 nm Au layer as shown in 
Figures 6(a-c). Ultra-sonication in water is performed to remove the silica nanospheres. Typically 
for higher-diameter resized nanospheres such as 300 nm and above, 5 mins to 30 mins sonication 
lifts off the nanospheres; however, for smaller diameter such as 250 nm and below, post 30 mins 
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sonication did not lift off the spheres as discussed below. However, overnight sonication helped 
remove the smaller-sized spheres. Figures 6(d-f) are representative SEM images of one such ultra-
sonicated sample with different resized diameter of the spheres. The black regions are where the 
nanospheres are removed and white region is where the metals (Ni/Au) are deposited.  As 
discussed above, the silica nanospheres act as an etch mask for the fabrication of Si nanoresonators. 
After resizing of the nanospheres using RIE etching and deposition of Ni/Au, the sample is 
sonicated for 5-30 mins to remove the spheres. However, we observed that for the resized 
nanospheres with a 250 nm diameter, post Ni/Au deposition and sonication, not all areas of the 
nanospheres are lifted as shown in Figure 7 for different magnification of Figure 7(i) 1 µm and 
Figure 7(ii) 500 nm. Similarly, as the diameter of nanospheres decreases, lift-off of the spheres 
takes more time. For nanospheres with designed dimensions of 120 nm diameter, overnight 
sonication resulted in complete lift-off the nanospheres, however after 6 hours it still had regions 
where some of the nanospheres were not lifted off as shown in Figure 7(iii) with a magnification 
of 1 µm and Figure 7(iv) with a magnification of 500 nm.  
 To form the pillars, MacEtch solution is prepared by mixing 2.5 vol % H2O2 and 10 vol % HF 
in DI water [74, 75]. The ultra-sonicated sample is immersed in this solution and constantly stirred 
to etch through the Si substrate. We observed that slightly increasing the oxidizer aids in removing 
the porosity of the pillars that was observed while etching. The MacEtch is performed for desired 
time depending on the height of the pillar designed. Figures 6(g-i) show the 60o angled-SEM 
images of the silicon nanoresonator after 3 mins etching. We increased the time of etching to form 
uniform, longer pillars, and if we kept etching further it resulted in the pillars falling onto one 
another. The fully fabricated square sample has pillar height of 150 nm with an error bar of 10 nm, 
periodicity of 300 nm and diameter of 120 nm. It appears black to the naked eye, indicating that 
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much of the incident light is absorbed into the sample, which acts like black silicon; this result is 
very similar to that reported in [47, 73] in which nanopillars were produced using soft-imprint 
fabrication. Our approach is scalable to larger dimensions up to a 4-inch or more wafer, as each 
individual step is reproducible for large areas.  
 
Figure 6 (a-c) Representative SEM images of 2 nm Ni/10 nm Au e-beam deposited sample on (a) 300 nm silica 
nanospheres with scale bar of 10 µm and (b-c) 120 nm resized silica nanospheres with scale bar of (b) 1 µm and (c) 
500 nm. (d-f) SEM images of 250 nm silica nanospheres sample post 1 hour sonication with scale bar of (d) 1 µm and 
(e) 500 nm and 120 nm silica nanospheres sample post overnight sonication with scale bar of (f) 500 nm. (g-i) 
Formation of Si nanoresonators with dimensions of 250 nm diameter and the height increases with increasing etch 
time after (g) 3 mins (h) 9 mins and (i) 18 mins of MacEtch. 
 
(a) (b) (c) 
(d) (e) (f) 




Figure 7 SEM images of 250 nm silica nanospheres sample post 1 hr sonication with scale bar of (i) 1 µm and (ii) 500 
nm and 120 nm silica nanospheres sample post 6 hour sonication with scale bar of (iii) 1 µm and (iv) 500 nm. 
 
2.5 Results 
 The fabricated sample is characterized using a J. A. Woollaam variable-angle spectroscopic 
ellipsometer (WASE) for measuring the reflection intensity. The 5 mm x 5 mm final black silicon 
sample is placed under the UV-Vis-IR source with wavelength range 300-1700 nm. Reflectance 
data is obtained for various angles of incidence for both s- and p-polarized light. The spot size of 
the WASE tool is about 100 µm. We ensured that the illumination beam hits the sample surface 
close to the center where the highly uniform monolayer region is present. As seen in Figure 8(i), 
experimental data for both the polarizations coincide for 15o angle of incidence and are in good 
agreement with the simulation results. As expected for small angles of incidence, the reflectance 
measurement remains the same for s- and p-polarized light [29]. The dimensions of the fabricated 
sample have diameter of 120 nm, height of 150 nm and periodicity of 300 nm within an 
approximate error bar of 15 nm. Corresponding numerical simulation data uses hexagonal close-
packed nanoresonators with similar dimensions. The Mie resonance dip observed at λ = 560 nm is 
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not evident in the measured data; however, the % of reflectance lies within 40% for broadband 
wavelengths from visible to near IR region which is ideally desired for applications such as 
photovoltaics and photodetectors [46, 55]. Also, for these applications, having broadband incident 
light that is polarization independent for varying angles of incidence makes the array of 
nanoresonators robust.  
 The experimental data, though not normalized, exhibits low reflectivity in broadband 
wavelength range 300-1700 nm, and within the optical frequencies the reflectivity is close to 10% 
indicating that it acts as a very good anti-reflective coating. If we compare the fabricated results 
with the simulated results in Figure 8(i) the reflectivity deviates slightly, which can be attributed 
to the disorder in the array of nanoresonators for the fabricated samples. Also, the sample appears 
black, confirming the light-absorbing properties of black silicon as reported in the literature [62]. 
Figure 8(i) indicates that the light couples into the high-refractive-index Si nanoresonators and 
transmits into the underlying Si substrate. For effective light coupling in the nanoresonators, angle-
resolved reflectivity is studied where s- and p-polarized light for varying angles of incidence are 
measured using WASE ellipsometry. Figure 8(ii) is a contour plot of reflection intensity for p-
polarized light for angles ranging from 15o to 75o. As expected for p-polarized light, with increase 
in angle of incidence, the reflection intensity from the sample decreases as indicated by the blue 
region. From Figure 8(ii), at higher wavelengths toward near-IR, the reflection intensity increases 
for smaller angles of incidence represented by green color in the plot. In contrast, if we look at the 
s-polarized light as shown in Figure 8(iii), with the increasing angle of incidence, the reflection 
intensity increases as shown by red color in the color map. Also, reflection from the sample 
increases as we move toward visible and near-IR wavelengths.  
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 From angle-resolved reflectivity, we observe that the p-polarized light sustains less variation in 
reflectance for varying angles of incidence when compared to s-polarized light for the wavelength 
range of 300-1700 nm. The fabricated sample with little disorder in Si nanoresonators 
arrangement, show the trend of decrease in reflectivity and it can be concluded that for various 
dimensions designed in the numerical section will produce low reflectivity in the UV-visible-near-
IR frequency regime and it acts as black silicon. We looked at the other fabricated samples with 
dimensions given in Figure 8 which follow the numerical design criteria; each one appeared black 
and produced ultra-low reflectivity for both polarizations and varying angles of incidence. An 
example of a sample fabricated with different dimensions is shown in Figure 8(i). Si 
nanoresonators with the dimensions of 250 nm diameter, 250 nm height and 300 nm period are 
fabricated, and corresponding reflectivity data is collected as shown in Figure 9. Similar to the 
results as shown in Figure 8, for other dimensions, low-reflectivity of nearly 40% is observed over 
the broadband wavelength range of 300-1700 nm for both s- and p-polarized light and reflectivity 
from p-polarized light is smaller in comparison to the s-polarized light. 
 
Figure 8 (i) Comparison of simulated reflectance spectra and measured reflectance from spectroscopic ellipsometer 
for array of periodic Si nanoresonators fabricated on Si substrate. The dimensions of the resonator are D = 120 nm, H 
= 150 nm, P = 300 nm. Red curve indicates simulated reflection intensity; light blue and violet curves represents the 
experimental data of s-polarized and p-polarized reflection intensity from fabricated sample respectively. There is an 
apparent very good match between the experimental and simulated results. (ii-iii) Experimental reflectance 
measurement for polarized incident light for varying angles of incidence of 15o, 35o, 55o and 75o. Color bar represents 
the reflection intensity. (ii) For p-polarized light, the reflection decreases with increasing angle of incidence. (iii) 
Unlike p-polarization, s-polarized light, the reflection increases with increasing angle of incidence and with increasing 
wavelength. 




 The incident electromagnetic light interaction with the high-index resonators can be controlled 
to produce desired optical property such as low-reflectivity that is useful for photovoltaics, 
photodetectors, etc. The fundamental coupling of light can be attributed to the Mie resonances in 
all-dielectric Si nanoresonators. Distinct electric and magnetic Mie resonances are produced when 
high refractive index material is selected for a particular frequency region. When these resonances 
are excited, light can be trapped in these materials; however, if high dielectric constant material 
exists in the surroundings or acts as a substrate, then this provides a loss channel for the coupled 
mode to propagate into the bulk substrate, leading to the completely opposite phenomenon of anti-
reflective coating, or in this case black silicon. With the introduction of a leaky passage into the 
substrate, the distinct resonances merge to form one resonance peak, which broadens near these 
resonant wavelengths, and one dip in the reflection signal, as shown in Figure 8 (i) (red) curve. 
This dip in reflection accounted for the Mie resonance effect redshifts with an increasing diameter 
of the silicon nanoresonators while keeping other parameter values according to the numerical 
design criteria. High-index Si resonators produce Mie resonances that can be observed if we look 
at the electric field profile showing electric and magnetic resonances, as seen in Figure 2(a-b).  
 
Figure 9 Experimental reflectance measurement for polarized incident light for varying angles of incidence of 20o, 




 High-index resonators essentially act as a potential well for incident photons. They act as 
scatterers producing Mie resonances by confining the photons inside them. Nanoresonator arrays 
with high-index substrate produce low reflectivity, while those with low-index substrate produce 
high reflectivity; furthermore, the different arrays exhibit distinct magnetic and electric Mie 
resonances as obtained from the numerical simulations. The high-index nanoresonators are on top 
of the high-index substrate correlates to the case of Si nanocrystals surrounded by microcavity and 
whispering gallery modes. In the presence of high-index substrate, light coupled into the 
nanoresonators further forward-scatters into the substrate. This is due to the enhancement of 
optical density of states, and light scattering from the nanoresonators is highly preferential. This 
behavior is similar to that of high-index nanoresonators with confined whispering gallery modes. 
 The light absorbed in these resonators can be coupled into the high-index substrate, further 
increasing the incident light absorption. For the case where there exists no high-dielectric constant 
material or substrate nearby, with the excitation of electric and magnetic resonances, a perfect 
reflector (high reflectivity) or mirror-like effect can be produced. Furthermore, high-dielectric 
nanoresonators produce negative permittivity and negative permeability at these electric and 
magnetic resonances respectively [42]. Also, from the effective medium theory and S-parameter 
calculations, the above fabricated samples can act as perfect metamaterial reflectors for broadband 
wavelength range for both polarizations, with angles of incidence from 15o to 75o in the visible 
frequency regime. Thus, our approach not only finds applications in solar cells and photodetectors, 
but can be extended to metamaterials, perfect reflectors and magnetic mirrors using all-dielectric 
components, overcoming the losses from metallic elements. The key result of this work is that, by 
using simple spin-coating technique for silica nanospheres that are produced using the modified 
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Stober process combined with reactive ion etching and metal-assisted etching to form silicon 
nanoresonators with varying diameters, we can produce large-scale, low-reflective surfaces. 
2.6 Conclusions  
 In conclusion, the light-matter interaction, i.e., the coupling of incident electromagnetic wave 
into the Mie-resonance based silicon nanoresonators which are fabricated using precision silica 
nanospheres, is demonstrated. These nanoresonators produce low reflectivity of nearly 10% for 
the visible and near-IR wavelengths with much smaller dimensions of 120 nm diameter and 150 
nm height. The precision silica nanospheres are produced in-house using modified Stober process 
whose dimensions can be precisely controlled down to 20 nm and below [34]. This provides 
desired tunability over the dimensions of the nanoresonators, thereby providing controlled 
reflectivity of the sample over the broadband wavelength range for both polarizations, for varying 
angles of incidence as well as control on the electric and magnetic resonance spectral positions. 
Our capability to produce a variety of precision-size high-refractive-index nanospheres makes this 
a robust technique to study light-matter interactions in all dielectric nanoresonators. For the 
formation of nanoresonators, the fabrication technique employed is a cost-efficient and simple 
spin-coating which can be easily scaled to large areas to produce ultra-thin low reflection films for 
various applications including but not limited to photovoltaics, photodetectors, nanophotonics, 
metamaterials, perfect reflective mirrors and magnetic mirrors. Also, the presence of a high-index 
substrate in proximity of the high-index resonators is demonstrated using numerical simulations 
where coupled light in the nanoresonators preferentially forward scatters into the underlying 
substrate. In summary, high-refractive-index Si nanoresonators utilizing Mie resonances provides 
low reflectivity for broadband wavelength range of 300-1700 nm for large angles of incidence and 
have a multitude applications as mentioned above in the broad field of nanophotonics.  
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CHAPTER 3: LOW-LOSS TUNABLE METAMATERIAL REFLECTOR BASED ON 
MIE SCATTERERS USING PRECISION SILICA NANOSPHERES  
  
In this chapter, a metamaterial reflector is designed numerically to produce high reflectance at 
visible frequencies of 514 nm and 557 nm using an array of Si nanoresonators. All-dielectric 
metamaterials based on Mie resonances overcomes the heat dissipation due to losses and provides 
an alternate route for negative index metamaterials. Perfect metamaterial reflector theory is used 
to numerically design Mie-resonance based high-index Si nanoresonators to produce high 
reflectivity at visible frequencies by varying different parameters such as aspect ratio, diameter 
and height of the nanoresonators. Numerical simulations demonstrate the presence of electric and 
magnetic Mie resonances at these high reflective spectral positions. These nanoresonators are 
fabricated using uniform, monodisperse, precision-sized silica nanospheres. A large-scale, cost-
efficient, simple spin-coating method with top-down fabrication techniques such as reactive ion 
etching and metal assisted etching is employed to form Si nanoresonators. The results find 
applications for electric and magnetic mirrors for optical and infrared wavelengths, nanoantennas, 
molecular spectroscopy, SERS and subwavelength cavities.  
 
3.1 Introduction  
 Negative index materials were introduced by Vesalago in 1968 by theoretically predicting the 
existence of the left-handed substances [76]. The poynting vector is in the opposite direction to the 
propagation wave vector for the left-handed system. According to the initial reference, all materials 
are characterized by fundamental quantities, the dielectric constant ε and magnetic permeability µ 
which define the propagation of electromagnetic wave in matter.  If these quantities are plotted as 
coordinate axes with ε on the x-axis and µ on the y-axis, the first quadrant represents majority of 
the materials, the second quadrant represents the plasmas, however in the third and fourth 
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quadrants, no known naturally occurring materials exists. With the lack of materials for left-handed 
materials, there was not much interest in this area until recently when Pendry et al. showed 
analytically the same fundamental quantities ε and µ can now be considered for an effective 
medium consisting of unit cells or microstructures [77]-[79]. These effective parameters can be 
designed and tuned to values not accessible in nature. Examples of such unit cells include an array 
of cylinders, swiss roll structures and split ring resonators. The key principle is to concentrate the 
incident electromagnetic energy in small volumes leading to very high energy density thus 
producing greatly enhancing effects leading to effective parameters not accessible in nature. This 
was first experimentally demonstrated by Smith et al. for a composite medium consisting of 
periodic arrays of split ring resonators and continuous wires which exhibits negative effective 
parameters in the microwave regime [80]. Following these experimental results, there have been 
numerous advances in the left-handed materials and yielded many profound results including but 
not limited to a  perfect lens [5], [6], cloaking [7]-[9], perfect absorbers [10], reflectors [11] etc.  
Most of the above metamaterial examples require strong light-matter interaction in these 
microstructures or units cells which are made of metallic elements, for example, the split ring 
resonators are made of copper and the cylinders previously mentioned were also considered 
metallic.  As we approach optical frequencies, these metallic unit cells contribute to considerable 
losses as seen from the imaginary part of the commonly used metallic elements such as Au and 
Ag [13].  
To overcome these losses, recently an alternate approach of all-dielectric metamaterial unit cells 
was proposed that circumvents the fabrication complexities arising from metallic counterparts as 
we move toward the visible wavelength regions. There is a lack of visible metamaterials that can 
be made tunable using cost-effective approaches which is the current limitation of the state-of-the-
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art research. All-dielectric metamaterials have many applications and new materials have been 
explored to primarily bridge the gap in the third and fourth quadrants i.e., for left-handed 
metamaterials for optical frequencies [42]. Among the various dielectric metamaterials, here we 
are exploring high-index all-dielectric metamaterials that use the concept of Mie theory. The 
fundamental principle behind Mie-theory based dielectric metamaterials is utilization of Mie 
resonances that produce effective negative parameters such as permittivity and permeability at 
infrared and visible frequencies.  This was initially introduced with an attractive potential for 
photons and exhibiting Mie resonances by coupling the incident electromagnetic wave to the 
electric and magnetic dipoles, and the idea was further experimentally demonstrated [43], [44]. In 
this work, we explore silicon based high dielectric constant nanoresonators/nanocylinders for 
optical frequencies fabricated using precision silica nanospheres. Si-based metamaterials have 
gained a lot of interest in recent years with literature reporting different shapes of Si nanoresonators 
[21]-[24] by using different fabrication techniques for varying frequency regimes [26]-[27]. Si 
inspired metamaterials have many applications in solar cells, magnetic mirrors, perfect 
metamaterial reflectors and Huygens surfaces [16, 17, 27-32]. 
Here, we explore light-matter interaction in Si based metamaterial for low loss, tunable 
metamaterial reflector application based on Mie resonances.  High-index Si nanoresonators work 
on the principle of the Mie scattering theory when an electromagnetic wave impinges on a 
resonator, electric and magnetic dipoles are excited i.e., Mie resonances are excited. These excited 
dipoles lead to unique circular displacement currents that enhance the electric and magnetic field 
at the center of the resonator, similar to the split ring resonators. An ensemble of such array of 
resonators or cylinders can be described by effective parameters.  Whenever a single isolated 
resonator exhibits Mie electric resonance for a particular wavelength, it corresponds to the negative 
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effective permittivity when it exhibits Mie magnetic resonance, it represents the negative effective 
permeability [12].  Thus high-index Si resonators produce effective negative metamaterial 
properties at Mie resonances. Among the various applications possible using Si based 
metamaterials, here we study the metamaterial reflector that produces high reflectivity from an 
array of Si nanoresonators at Mie resonances. Previously reported metamaterial reflectors indicate 
enhanced reflectivity at Mie resonances [27], [81]-[83]. However they were mostly applied for 
infrared frequencies using expensive fabrication techniques. Here we report a large-area, low-cost 
method to form uniform arrays of Si nanoresonators for optical frequencies.  We use the 
metamaterial reflector theory for underlying physics that assigns the reflection intensity to 1 for a 
semi-infinite medium and arrives at the two perfect reflector conditions. One condition, sets the 
ratio of  𝜀h 𝜇h⁄ < 0 implying that either the numerator or denominator can be less than zero at 
electric and magnetic resonances provided that these resonances are spectrally separated. The 
second condition sets 𝜀hh𝜇h = 𝜀h𝜇hh leading to a large imaginary part to prohibit any evanescent 
tunneling of light through the material. ( Here 𝜀 = 𝜀h + 𝑖𝜀hhand 𝜇 = 𝜇h + 𝑖𝜇hh for the medium [50].)  
Using these conditions and design principles from the references, a low-loss metamaterial 
reflector is numerically designed for visible frequencies using Lumerical FDTD software [54]. 
Different parameters of the Si nanoresonators such as aspect ratio, height, diameter, and periodicity 
were extensively simulated to obtain desired high reflectivity. Further observation of the electric 
field intensity profile shows the presence of electric or magnetic resonance thereby leading to 
optical metamaterial electric or magnetic mirrors respectively.  From the final design dimensions, 
Si nanoresonator samples are made using precision silica nanospheres and by combining reactive 
ion etching and metal-assisted chemical etching fabrication techniques. Our capability to produce 
uniform, monodisperse, precision silica nanospheres ranging from 200 nm to 20 nm and below 
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provides the tunability to fabricate any dimension for the Si-nanoresonators. The silica 
nanospheres produced using a modified Stober process [33], [34] act as an etch mask to form these 
nanoresonators. The fabricated Si-nanoresonators are designed to demonstrate high reflectivity in 
visible wavelength range for both TE and TM-polarization. Numerical design simulations confirm 
the metamaterial reflector property which can be tuned to the desired visible wavelength by 
varying the design parameters.  
Our metamaterial provides substantial advantages over other designs due to its low-cost and 
simplicity of fabrication unlike complicated techniques used for metallic nanostructures. Si-based 
metamaterials will immediately result in realization of metamaterial reflectors that provide 
advantages in terms of simple, high-throughput and low-cost fabrication and could potentially be 
used as future reflector films for very large-area implementation because of the spin-coating 
technique employed for silica nanospheres. Most of the reflectors are designed for electric mirrors, 
however the advantage of this system is it can be used for design and fabrication of the magnetic 
mirrors which occurs at the magnetic Mie resonance.  These nanoresonators can also be used 
directly as mirrors for laser system design [50], infrared magnetic mirrors [53], subwavelength 
cavities [84], molecular spectroscopy [85], [86], nanoantennas [87], [88] etc. This approach can 
be applied to any high-index nanoresonator, thus demonstrating the potential to develop low-loss 
nanophotonics devices at visible frequencies.  
In summary, the key to obtaining metamaterial property at a desired wavelength is obtained by 
effectively tuning the dimensions of the dielectric nanoresonator, thereby leading to negative 
effective parameters.  The unique capability is to fabricate artificial electromagnetic media on a 
scale that is much smaller than the wavelength of light. By high-precision size control, we believe 
that the intrinsic properties of the dielectric nanoresonator can be tuned to produce pronounced 
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desired metamaterial behavior at visible frequencies. While most other existing designs work only 
in the narrow range of incident angles, the proposed system has the potential to become isotropic 
due to the tunable dielectric nanoresonator comprising the material system.  
3.2 Metamaterial Reflector Theory and Operating Principle  
 The fundamental concept behind dielectric particles exhibiting metamaterial properties is 
attributed to the Mie theory. Most metamaterials consist of unit cells made up of metallic split ring 
resonators, wires, paired rods, etc. to obtain effective negative permittivity and effective negative 
permeability for an array of these unit cells.  An alternate route to using Mie resonance based 
dielectric metamaterials is explored as a strong competitor. When an electromagnetic plane wave 
represented by a magnetic field, say 𝐻- = 𝐻lexp	(𝑖𝑘l𝑧)𝑦r and 𝑘l = 𝜔 𝑐⁄  is incident upon a single 
isolated sphere of radius r0 with relative permittivity	𝜀# = 	𝑛(, n being the refractive index, the 
scattered electric field can be decomposed into multipole terms. The proportionality constant of 
the 2= pole term is 𝑎= and the 2= pole coefficient of the scattered magnetic field is 𝑏= [42, 48] 
as given by Equation (2) and Equation (3) and discussed in Section 2.2.  If for a particular m, the 
frequency or radius is such that one of the denominators of am or bm is very small, the 
corresponding normal mode will dominate the scattered field. The frequencies when the 
denominator goes to zero are called the natural frequencies of the sphere material. Thus the 
incident electromagnetic field can excite these natural frequency modes or resonant modes 
scattered by the sphere. At these resonances, the dielectric sphere acts as an attractive potential for 






. There exist infinite solutions to this equation, however not all will contribute 
significantly to the effective parameters. Whenever the wavelength is large compared to the radius 
of the sphere, the lowest-order term b1 contributes to the effective permeability. At long 
34 
 
wavelength limit, x is small and denominator equality reduces to 𝑗l(𝑛𝑥) =
xyz	(.@)
.@
= 0. The roots 
of the above equation are	𝑛𝑥 = 𝜋𝑞, where q = 1, 2, 3… The fundamental magnetic resonant 
frequency occurs at q = 1 and	𝑛𝑥 = 𝜋. Substituting x = k0r0 we get n k0 r0 = π, 𝑘l = 2𝜋 𝜆l⁄ 	thus 
for a single sphere dipole resonance occurs for approximate wavelength given by the relation [19], 
[59]-[60].  
λ0
res/2r0=√εr                                                           (9) 
This implies that the ratio of wavelength to the diameter of the sphere should be high enough to 
be able to apply the effective medium theory and this in turn sets the dielectric permittivity of the 
sphere to be high. In this work, we explore, as mentioned previously, silicon based high dielectric 
constant nanoresonators for optical frequencies fabricated using high-precision silica nanospheres. 
 By applying effective medium theory, the bulk parameters i.e., effective permittivity and 
permeability for the array of dielectric spheres can be obtained as follows. When the incident 
electromagnetic wave Hi interacts with the single isolated dielectric sphere, the scattered dipole 
field is proportional to a1 for the electric dipole and b1 for the magnetic dipole. For example, 
consideration of magnetic field strength and similar arguments can be applied for the electric field 
dipoles. The scattered magnetic dipole field is given by [89] 












*                   (10) 
This can be compared to the typical field strength for a magnetic dipole radiation given by [46] 










*																			    (11) 
By comparing Equation (9) with the Equation (10) we obtain effective polarizability. The magnetic 
moment m in terms of effective polarizability is given by 
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                                                 𝑚 = 𝛼=𝐻-(0) = 𝛼=𝐻l𝑦r                                        (12)
                              𝛼= = 6𝜋𝑖𝑏" 𝑘l~⁄                                                     (13) 
The bulk effective permeability can be related to the effective polarizability of the sphere as 
follows 





                                         (14) 
where Nd is the volume density of the spheres. The filling fraction vf is given by 𝑣 = 4𝜋𝑁𝑟l~ 3⁄ .  
It is adapted from [59] for long wavelength limit and it also called as the Clausius-Mossotti 
equation or Lorentz-Lorenz formula [90]. By equating Equation (12) and Equation (13) we obtain 
the expression for µEff given by 
                           𝜇  =
KJ-UB
KC(J-UB
                                       (15) 
Similar analogous expression can be written for effective permittivity given by      
                     𝜀  =
KJ-HB
KC(J-HB
                                                               (16) 
For the lowest resonance frequencies of 𝑎" and 𝑏", the sphere exhibits electric and magnetic 
dipoles.  From the above effective medium theory Equation (15) and Equation (16), only 𝑎" and 
𝑏" contribute most significantly to the effective permittivity and permeability. For metamaterial 
applications using all-dielectric spherical particles, we want to have effective negative permittivity 
and negative permeability which occurs when electromagnetic wave impinges on the sphere, Mie 
resonances are excited, leading to unique circular displacement currents that enhance the electric 
and magnetic field at the center of the sphere, very similar to the split ring resonators. An ensemble 
of such spheres or array of discs or cylinders can be described by effective parameters.  Whenever 
a single isolated sphere exhibits Mie electric resonance for a particular wavelength, it corresponds 
to the negative effective permittivity and when it exhibits Mie magnetic resonance, it represents 
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the negative effective permeability [42], [12], [59]-[60]. These metamaterials made of all-
dielectric unit cells have been used to produce many novel properties and unique applications in 
the recent past as described earlier. Here, high-index Si metamaterial nanoresonators are used to 
produce high reflection property which in turn has immediate practical applications such as 
magnetic mirrors, lasers, etc. The physics behind the design can be understood from first principles 
which are reviewed here [91] and applied for design of metamaterial reflector for visible 
frequencies.   
 Consider a two regions 1 and 2 as shown in Figure 10(A) with medium parameters ε1, µ1 and 
ε2, µ2. A plane wave is incident from region1 as shown in Figure 10(A) with linear polarized fields 
given by 
                        𝐸¡¢ = 𝑥r𝐸l𝑒C£¤B¥ and 𝐻¡¦ = 𝑦r
 
§B
𝑒C£¤B¥                         (17) 
where E0 is the wave amplitude and 𝜂" = ©
B
ªB
 and 𝛽" = 𝜔√𝜇"𝜀". Thus writing equations for 
reflected and transmitted waves in region 1 and region 2 respectively given by Equation (18) and 
Equation (19) and applying boundary conditions, we obtain the expression for reflection 
coefficient given by 
                                             𝐸#¦ = 𝑥rΓ𝐸l𝑒£¤B¥  and 𝐻#¦ = −𝑦r
­ 
§B
𝑒£¤B¥                   (18) 
                                 𝐸I¢ = 𝑥rτ𝐸l𝑒C $̄¥ and 𝐻I¦ = 𝑦r
° 
§$
𝑒C $̄¥                             (19)
                                          Γ = §$C§B
§$§B
                                                                       (20) 
where Γ is the reflection coefficient, τ is the transmission coefficient, 𝜂( = ©
$
ª$
 and γ2 is the 
propagation constant [91]. If we consider the case of a semi-infinite medium at normal incidence 
in vacuum, the above reflection coefficient Equation (20) reduces to the following given by [61] 
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                  Γ = §C"
§"
                                                                                  (21) 
 
 
Figure 10 (A) Representative image of normal incidence of uniform plane wave from region1 to region2 and 
corresponding reflected and transmitted wave are shown with the electric and magnetic field components. (B) 
Simulation region indicating the hexagonal close packed structure of the silicon nanoresonators used in Lumerical 
software. Pink dot represents the source that is incident along z-axis and the inner blue box represents the unit cell and 
FDTD simulation region and outer blue box represents the source region. 
 
where Γ is the reflection coefficient, η is the complex impedance given by ©𝜇 𝜀± , ε is the complex 
permittivity and µ is the complex permeability for a semi-infinite medium at normal incidence in 
vacuum. 
 If we look at the reflection intensity obtained by squaring the absolute value of η, i.e., R= |𝜂|( 
and for perfect reflection, set R = 1, we obtain the following conditions, 𝜂h = 0 where 𝜂 = 𝜂h +
𝑖𝜂hh given by      
              𝜀h 𝜇h⁄ < 0                    (22)
                       𝜀hh𝜇h = 𝜀h𝜇hh                                                               (23) 
This condition is achieved when 𝜀h 𝜇h⁄ < 0 implying that either of the numerator or denominator 
can be less than zero at electric and magnetic resonances and 𝜀hh𝜇h = 𝜀h𝜇hh. (Here 𝜀 = 𝜀h + 𝑖𝜀hhand 
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𝜇 = 𝜇h + 𝑖𝜇hh.)  These conditions remain the same if we consider the case of finite layer thickness 
material and compute the reflection coefficient given by [49], [61] 
                                                    𝑆"" =
³B("CR`$a)
"C³B$ R`$a
                                                             (24) 
where d is the thickness of the slab and R01 is the reflection coefficient given by Equation (20) and 
n is the refractive index of the material. The above design conditions given by Equation (9) and 
Equation (18) and Equation (19) will form the basis for numerical simulations and corresponding 
dimensions of the Si nanoresonators will be optimized to obtain high reflectivity at optical 
frequencies.  
3.3 Design and Numerical Simulations   
 Using a hexagonal closed-packed array of Si nanoresonators, a perfect metamaterial reflector 
can be designed and simulated by looking at the electromagnetic wave propagation in the dielectric 
nanoresonators using numerical finite difference time domain (FDTD) simulations using the 
software package Lumerical FDTD [54]. As previously discussed, the lowest-order Mie 
resonances lead to metamaterial property. Thus by computing the Mie efficiency over the 
wavelength range of interest, we can observe the enhanced electric or magnetic scattered field at 
the resonance wavelengths which can be tuned by altering the dimensions of the nanoresonator. 
For this, we calculate the scattering cross-section defined as the ratio of power scattered by the 
resonator to the incident intensity of the source. The unit cell indicating the simulation region of 
the hexagonal closed-packed structure of silicon nanoresonators is shown in Figure 10(B). By 
normalizing this to the cross-sectional area, Mie efficiency or normalized scattering efficiency is 
computed. This model was thoroughly verified and validated using published experimental results 
[23, 92]. For diameter of 90 nm, nanostructure produces distinct electric and magnetic resonance 
peaks in the visible spectrum as shown in Figure 10. If we look at the spatial electric and magnetic 
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field distributions at these wavelengths, we observe an enhanced electric field at 616.5 nm 
indicative of negative effective permittivity as shown in Figure 11(a-b) and a minimum electric 
field distribution at 862.7 nm indicative of negative effective permeability as represented in Figure 
10(c-d).  
 
Figure 11 Mie normalized scattering efficiency is plotted for a Si nanoresonator with radius of 90nm over the 
wavelength range of 400-1800nm. The electric and magnetic Mie resonances are indicated by the peaks at 616.5nm 
and 862.7nm. Simulated electric magnetic field profiles are shown in the inset (a-d). From magnetic field profile in 
(b) existence of Mie electric resonance can be concluded and from (d) presence of Mie magnetic resonance which is 
well confined can be observed. 
 
 For perfect reflector simulations, reflection intensity from the array of Si nanoresonators is 
computed. For this, a plane wave with normal incidence angle propagating in the z-direction is 
used for exciting the resonances in the Si nanoresonators. A uniform mesh size of 5 nm (x, y, z 
directions) is used. The optical constant of Si is in the spectral range of 300-1600 nm is obtained 
from Palik’s handbook [55]. In order to calculate wavelength-dependent reflection spectra, 
perfectly matched layers are imposed at boundaries normal to the light propagation directions. 
Similarly, boundary conditions in x and y directions were set to be periodic.  
From numerical simulations for the array of Si nanoresonators, we obtained reflectance 
spectrum as shown in Figure 12. We performed extensive simulations by varying the aspect ratio, 
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height and diameter of the nanoresonator as shown in Figures (12-14), and validated our model 
with physical experimental data. If we look at the variation of diameter from 80 nm to 280 nm and 
look at the reflectance spectrum, we observe that, with increase of diameter of the nanoresonator, 
the resonance position red shifts to the right. 
 
Figure 12 Reflection intensity obtained by varying the D-diameter of the silicon nanoresonator array in the visible and 
near-IR wavelength regime. Diameter is varied from (a) 80 nm (b) 120 nm (c) 160 nm (d) 200 nm (e) 240 nm (f) 280 
nm. From variation of diameter, we conclude that diameter of 120 nm should be used for the designing of the 
nanoresonator. 
 
We chose to design the Si nanoresonator to be able to demonstrate metamaterial electric and 
magnetic resonance behavior in the visible wavelength range centering on 500 nm. If we look at 
the plots in Figure 12(a-f), we observe that the electric and magnetic resonances are separated 
initially as the diameter increases, they merge together. Also, for metamaterial reflector, we look 
at the dimensions where the reflection intensity is higher and still be around 500 nm wavelength 
range. From variation of diameter, we conclude that diameter of 120 nm be used for the designing 
of the nanoresonator.  
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 A similar approach is used for the aspect ratio shown in Figure 13(a-f) plots. Both aspect ratios 
of 1 and 1.25 can be considered as the electric and magnetic resonances that are separated as well 
as the intensity of reflection is around 50% at the wavelength range of 500 nm. The capability of 
having both electric and magnetic modes within a single nanoresonator is of particular interest. 
The simultaneous electric and magnetic optical response at a single wavelength is the key 
ingredient for most photonic metamaterials. Even more importantly, merging between electric and 
magnetic modes can lead to strong effects on the resonator scattering properties including 
surprising directional radiation effects. Hence, tailoring optically induced modes of all-dielectric 
nanoresonators and their merging of the modes offers intriguing applications for nanophotonics 
devices like nanoantennas, sensing and photovoltaics. 
 
Figure 13 Reflection intensity obtained by varying the aspect ratio (D/H, D-diameter, H-height) of the silicon 
nanoresonator array in the visible and near-IR wavelength regime. Aspect ratio is varied from (a) 0.75, (b) 1, (c) 1.25, 
(d) 1.5, (e) 2, and (f) 2.5. To obtain high reflectivity around wavelength of 500 nm with distinct electric magnetic 
resonance, aspect ratio of 1 and 1.25 are desirable. 
 
 For example unidirectional scattering was recently experimentally demonstrated through the 
off-resonant overlap of electric and magnetic optical modes where the observed behavior was 
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found to be similar to Kerker-type light scattering by hypothetic magneto-dielectric nanoresonators 
[24]. Here, we focus on coupling of the incident electromagnetic wave confined in the 
nanoresonator. Also, as previously reported, in the presence of the SiO2 layer, the incident light 
couples only into the high-index resonators, while without it, the light finds a propagation channel 
and leaks into the high-index substrate. The high-index resonators act as a cavity to capture the 
incident light at these resonant wavelengths, and in the presence of high-index substrate, the 
confined light in the cavity forward-scatters into the substrate because of modal coupling similar 
to whispering gallery modes [85]. The high-index substrate offers a high optical mode density due 
to the enhancement of the optical density of states in the forward scattering process [43], [63], 
[64], [84]. Thus, the presence of a low-index substrate leads to high reflectivity with the splitting 
of electric and magnetic Mie resonances, and the introduction of a high-index substrate leads to 
low reflectivity.  
 If we look at the variation of height of the nanoresonator as shown in Figure 14(a-f) varied from 
100 nm to 300 nm, we observe similar red shift in the electric and magnetic Mie resonances and 
height of 140 nm is chosen obtaining resonances around 500 nm wavelength. Finally looking at 
the variation in the periodicity which is the initial start diameter for the silica nanospheres, 
variation of period from 180 nm to 380 nm is shown and not very prominent peaks are produced 
if the period is smaller. However for periods of 260 nm and higher, distinct electric and magnetic 
resonance are obtained. Thus from these simulations, the final dimensions are concluded to be 120 
nm diameter, 140 nm height and 300 nm representing the final design dimension of a Si-based 
metamaterial reflector operating at 514 nm and 557 nm wavelengths producing effective 
permittivity and effectivity permeability based on the metamaterial reflector theory discussed in 
Section 3.2. If we look at the spatial field distributions at these wavelengths, we observe an 
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enhanced electric field at 515 nm indicative of negative effective permittivity and a minimum 
electric field distribution at 557 nm indicative of negative effective permeability as shown in 
Figure 15. This leads to the immediate practical application of designing a metamaterial reflector 
using Si-based nanoresonators at visible frequencies. To demonstrate the versatility of our design, 
we perform numerical simulations with starting silica nanospheres of 600 nm diameter which is 
the periodicity of the fabricated Si nanoresonators with corresponding height of 300 nm and 
diameter of 234 nm. Numerical simulations are performed for these dimensions are shown in 
Figure 16. This shows high reflectivity of nearly 90% in the wavelength range of 850 nm to 1050 
nm and the electric and magnetic resonances are nearly merged due to the selected dimensions of 
the Si nanoresonator. 
 
Figure 14 Reflection intensity obtained by varying the H-height of the silicon nanoresonator array in the visible and 
near-IR wavelength regime. Height is varied from (a) 100 nm (b) 140nm (c) 180 nm (d) 220 nm (e) 260 nm (f) 300 










Figure 15 Reflection intensity of Si nanoresonator array with the final design dimensions of D=120 nm, H=140 nm, 
P=300 nm. Inset shows the electric field intensity profiles indicating the electric and magnetic resonances at 515 nm 





Figure 16 Reflection intensity of Si nanoresonators with periodicity of 600nm silica nanospheres producing high 
reflectivity in the near-IR wavelength range. 
 
 
3.4 Fabrication and Characterization Methods 
 Overall, we fabricate Si nanoresonators using very simple, cost-efficient, scalable silica 
nanosphere lithography along with optimized top-down fabrication techniques such as reactive ion 
etching (RIE) and metal-assisted chemical etching (MacEtch) [65]-[75]. The silicon 



























nanoresonators formation consists of four steps: (a) substrate cleaning, (b) silica nanospheres 
dispersion, (c) uniform monolayer formation, and (d) silicon nanoresonators fabrication as 
indicated in the representative Figure 14. More details of the fabrication was reported previously 
in Section 2.4 and briefly mentioned in this section that were repeated for the SOI substrate. The 
starting material will be the high-precision silica nanospheres. These nanospheres are fabricated 
in-house using the modified Stober method [33, 34]. Our unique capability to produce uniform, 
precision size, monodisperse silica nanospheres as small as 20 nm [34] provides the tunability to 
obtain much smaller dimensions for the nanoresonators. For substrate cleaning, 5 mm x 5 mm 
square samples are cut from 8’’ round single-side polished, single-crystal silicon on insulator wafer 
(SOI) from SEH America that is n-type and oriented in (100) with top device layer thickness of 
145 nm and buried oxide layer thickness of 1 µm. The samples are degreased by treating with 
acetone, isopropyl alcohol and deionized water and drying with N2. After substrate cleaning by 
treating with piranha solution for 30 mins and rinsing in DI water for 10 mins, monolayer 
formation of silica nanospheres is obtained by spin-coating technique. 
 For preparing silica nanospheres dispersion, we start with 300 nm sized silica nanospheres. 
These nanospheres are washed in ethanol twice to remove any impurities using centrifugation and 
dried using freeze drying technique. Appropriate amount of N, N-Dimethylformamide (DMF) is 
added to obtain a concentration of 150 mg/mL solution. The solution is ultra-sonicated for 24 hours 
by frequent cooling with ice cubes to avoid formation of agglomerates in the solution. Later, 5 µL 
of clear dispersed solution was actively dispensed onto the square sample at 4000 rpm with ramp 
rate of 300 rps for 180 s in a cleanroom environment. For the final step to form silicon 
nanoresonators, we utilize reactive ion etching (RIE) to resize the nanospheres to desired designed 
dimensions. The dry etching conditions are 90 W RF plasma power at desired gas flow rate 
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(Ar/CHF3)  for around 10 mins and frequent cool down in order to keep the etch rate uniform. This 
pattern serves as an etch mask for formation of nanocylinders. 
 For MacEtch, 3 nm of Ni adhesion layer is deposited using a Cooke E-beam evaporator 
followed by 35 nm Au layer. Ultra-sonication in water is performed to remove the silica 
nanospheres. To form the pillars, MacEtch solution is prepared by mixing H2O2 and HF in DI 
water. The ultra-sonicated sample is immersed in this solution and constantly stirred to etch 
through the top device Si layer. The fabricated sample will be characterized using a J. A. Woollaam 
variable angled spectroscopic ellipsometry (WASE) for measuring the reflection intensity. The 5 
mm x 5 mm final sample will be placed under the UV-Vis-IR source with wavelengths from 300-




Figure 17 SEM image of 600nm silica nanospheres on SOI substrate obtained by spin-coating to form a monolayer of 







 The spot size of the WASE tool should be set to around 100 µm, and we ensured that illuminated 
beam hits the sample surface close to the center where highly uniform monolayer region is present. 
The dimensions of the fabricated sample have diameter of 120 nm, height of 150 nm with a 
periodicity of 300 nm within an approximate error bar of 15 nm.  To demonstrate the results work 
for other dimensions, we fabricated samples with periodicity of 600 nm, height of 300 nm and 
diameter of 234 nm and corresponding monolayer of the samples are shown in Figure 17.  
3.5 Discussion and Proposed Work 
 The high-dielectric nanoresonators produce negative permittivity and negative permeability at 
the electric and magnetic resonances respectively.  The 600 nm silica spheres monolayer array will 
be fabricated into Si nanoresonators with the following dimensions using the similar steps 
described previously. The numerical simulation results show the reflection intensity as shown in 
the Figure 16 will be used for comparison with the spectroscopic ellipsometry characterization 
data of the fabricated sample. We expect that there will be a high reflectivity in the near-IR 
wavelength range exhibiting metamaterial reflector properties. The above fabricated samples will 
be tested for both polarizations with angles of incidences from 15o to 75o. The Si nanoresonators 
designed for visible frequency centered on 500 nm will also be fabricated and characterized as 
above and the numerical and the fabricated sample reflection intensity will be compared as part of 
proposed work. We expect to see metamaterial reflector behavior in the visible range producing 
effective negative permeability and effective negative permittivity around 514 nm and 557 nm 
respectively. Thus our approach finds applications for extending it to metamaterials, perfect 




3.6 Conclusions  
 In conclusion, light-matter interaction i.e., coupling of incident electromagnetic wave into the 
Mie resonance based silicon nanoresonators fabricated using precision silica nanospheres is 
studied. A metamaterial reflector is designed numerically to produce high reflectivity at visible 
frequencies of 514 nm and 557 nm using an array of Si nanoresonators. All-dielectric 
metamaterials based on Mie resonances overcomes the heat dissipation due to losses and provides 
an alternate route for negative index metamaterials. Perfect metamaterial reflector theory is used 
to numerically design Mie-resonance based high-index Si nanoresonators to produce high 
reflectivity at visible frequencies by varying different parameters such as aspect ratio, diameter 
and height of the nanoresonators. Numerical simulations demonstrate the presence of electric and 
magnetic Mie resonances at these high reflective spectral positions. These nanoresonators are 
fabricated using uniform, monodisperse, precision-sized silica nanospheres.  A large-scale, cost-
efficient, simple spin-coating technique along with top-down fabrication techniques of reactive 
ion etching and metal assisted etching is employed to form Si nanoresonators. The results find 
applications for electric and magnetic mirrors for optical and infrared wavelengths, nanoantennas, 













CHAPTER 4: CONCLUSION  
  
In this chapter, the thesis work is summarized and a brief discussion of the future work is presented. 
4.1 Summary  
 The overall conclusions of the present work can be summarized as follows. The coupling of 
light fields into nanoscale features has demonstrated many novel phenomena recently such as 
perfect lens, cloaking, perfect absorbers, etc. Specifically coupling into the metallic nanostructures 
lead to many new plasmonic applications, however as we move toward smaller dimensions 
metallic nanostructures result in an increase of light absorption in matter and the subsequent 
conversion of light into heat losses. To overcome these limitations, more studies on dielectric 
nanostructures have emerged. In this study, the light-matter interaction with Mie resonance based 
dielectric nanoresonators is studied, i.e., the ability to control optical response using resonant 
nanostructures is demonstrated. In Chapter 2, high-refractive index Si nanoresonators utilizing Mie 
resonances provides low reflectivity for a broadband wavelength range of 300-1700 nm for large 
angles of incidence and have a multitude of applications in the broad field of nanophotonics. 
Normalized scattering efficiency simulations of high-index materials such as Si/TiO2 indicate the 
presence of Mie resonances, and the electric field profile shows the presence of electric and 
magnetic dipoles at these resonances. The presence of high-index substrate in proximity of the 
high-index resonators is demonstrated using numerical simulations where coupled light in the 
nanoresonators preferentially forward scatters into the underlying substrate. In conclusion, these 
nanoresonators are formed using a cost-efficient and simple spin-coating technique which can be 
easily scaled to large areas to produce ultra-thin low reflection films for various applications 
including but not limited to photovoltaics, photodetectors, and nanophotonics. In Chapter 3, a 
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metamateial reflector is designed numerically to produce high reflectance at visible frequencies of 
514 nm and 557 nm using an array of Si nanoresonators. The results are applicable for electric and 
magnetic mirrors for optical and infrared wavelengths, nanoanternnas, molecular spectroscopy, 
SERS and subwavelength cavities. 
4.2 Future Work  
 To extend this research work for large areas and flexible substrates, future directions are 
discussed in this section. 
4.2.1 Fabrication of High-Index Nanoresonators for Large-Area Applicatons 
 The research explored in Chapter 2 and Chapter 3 was performed on samples whose dimensions 
were 5 mm x 5 mm squares and were used to demonstrate proof-of-concept prototype. In order for 
this research to be useful for practical and real-life applications, we intend to scale to large areas, 
starting on a 4’’ wafer as shown in Figure 18.  For the monolayer formation of silica nanospheres, 
instead of using DMF based dispersion, we adopt and utilize a modified drop-coating technique 
that was employed for polystyrene for large areas and adjust the recipe to obtain a monolayer of 
silica nanospheres for 4’’ substrate as shown in Figure 18. For monolayer formation, we start with 
a Si wafer which is covered with 3/4 DI water and release a few drops of silica dispersion 
consisting of appropriate amounts of DI water, glycerol, ethanol, silica nanospheres and methanol 
and leave the substrate on a rotating substrate dryer thus ensuring the silica sphere uniformly 
spreads on the entire surface area. Further optimization of the solvents is required to obtain 
monolayer coverage and remaining steps will be followed as described previously to obtain the 
desired dimensions of Si nanoresonators on a large area. Preliminary results indicating large-area 
monolayer formation is shown in Figure 18(a) and Figure 18(b) with scale bar of 50 um and 10 




Figure 18 Silica nanospheres monolayer formation on large area using modified Langmuir-Blodgett method. 
Representative images indicate different magnification SEM images with scale bar of (a) 50 um and (b) 10 um.  
 
4.2.2 Fabrication of High-Index Nanoresonators on Flexible Substrates 
 Another future research area to potentially extend this work is fabrication of the high-index 
nanoresonators on the polymer/flexible substrates to produce low- and high-reflective thin films. 
In order to produce these conformal, flexible reflective and anti-reflective films, few simulations 
are performed on a polyvinyl ester substrate. Figure 19 represents the array of Si nanoresonators 
designed numerically on polymer substrate whose diameter is varied from 240 nm to 420 nm and 
its corresponding reflection intensity is obtained. Also, to utilize the silica spheres for the 
formation of low-reflective film or as an absorber on the polymer substrate, numerical design 
simulations are performed as shown in the Figure 19. Silica nanospheres used on the polymer 
substrate can be fabricated using similar approach as described in Chapter 2. Further, numerical 
simulations will be performed to fine-tune the reflection intensity peak for desired application 
along with adapting and altering the fabrication techniques developed in the previous chapters. 
From this, the high-refractive index Si nanoresonators yields low reflectivity for broadband 




thus, extending the applications to conformal, flexible photodetectors, photovoltaics and other 
nanophotonics areas.  
 
Figure 19 (i) Reflection intensity comparison of simulated reflectance spectra and measured reflectance from 
spectroscopic ellipsometer for array of periodic Si nanoresonators fabricated on Si substrate. The dimensions of the 
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